A series of non-photoautotrophic mutants of Chlamydomonas reinhardii was isolated by replica-plating mutagenized cells which had been grown in the dark. Many of these acetate-requiring mutants are photosensitive, showing poor growth on acetate medium in the light, but normal growth in the dark. Biochemical characterization showed that the photosensitive mutants all had specific lesions in photosynthesis or photosynthetic pigment accumulation. The acetate-requiring mutants which were not photosensitive were all able to fix CO2. Among the light-sensitive mutants are 15 which show uniparental inheritance. These include six with specific lesions in photosystem II and one with an altered
The unicellular, green alga Chlamydomonas reinhardii can grow heterotrophically when supplied with acetate. This characteristic allows strains incapable of photoautotrophic growth to be selected and maintained as acetate-requiring mutants. Although some acetate-requiring mutants have been described which fix CO2 normally (19) , most have been shown to possess specific defects of photosynthesis. These nonphotosynthetic mutants have been useful for investigating photosynthetic electron transport (17) , chloroplast structure (11, 12) , Chl synthesis (34, 35) , thylakoid membrane polypeptide associations (4, 7) , and chloroplast ribosomes (6, 13) . Because C. reinhardii is a sexual alga, it has been possible to classify mutants as mendelian or nonmendelian and to map both types (9, 19, 24) . The nonmendelian mutants are inherited in a uniparental (maternal) pattern which is a characteristic of chloroplast gene transmission in Chlamydomonas (10, 22) . Uniparental acetate-requiring mutants, with defects in photosynthesis, have allowed the assessment of chloroplast gene contributions to the structure and photosynthetic function of the chloroplast (4, 5, 16, 27, 29) .
The analysis of acetate-requiring mutants has been very useful for understanding certain aspects of the biochemistry and genetics of photosynthesis and the chloroplast. It has not lived up to its full potential, however, since certain types of photosynthesis-deficient mutants have not been recovered easily. At the time the work reported here was begun, only one mutant had been described with a defect in the dark reactions of photosynthesis. This 'This work was supported by a grant PCM 78-20684 from the National Science Foundation. 2 4 ,000 lux, the plates were placed in the dark. After 2 weeks, zygotes were germinated at 500 to 1,000 lux on acetate medium and tetrads of progeny cells were manipulated into rows, following standard procedure (18) . These plates were incubated in the dark until colonies were large enough for replica plating.
Phenotypes of the cells in tetrads were determined directly for y-l in crosses. The tetrads were replica-plated to minimal medium at 4,000 lux and acetate medium at 2,000 and 4,000 lux to determine acetate-requiring and light-sensitive phenotypes. The pf-2, paralyzed flagellae, phenotype was scored by checking for motility of cells in a colony in a drop of water under the microscope. Mating type was determined by checking under the microscope for flagellar agglutination with gametes of known mating type.
Uniparental inheritance was identified as a 4:0 ratio of progeny phenotypes in a tetrad, corresponding to the mt+:mt-phenotypes donated in a cross. Mendelian inheritance was identified as a 2:2 ratio of progeny phenotypes in a tetrad. Since a centromere marker (y-l or pf-2) was present in every cross, mapping information was obtained by scoring each individual tetrad as a PD, NPD, or T (18). This information was used to calculate genecentromere distance for the mutants based on the frequency of second division segregation from the formula 100 x ½h T/(PD + NPD + T). When markers appeared linked (PD:NPD > 1), map distance between them was calculated as 100 x (NPD + 1/2 T)/ (PD + NPD + T).
Spot Tests. All original mutant isolates, and mt+ and mtstrains derived from them, were suspended in distilled H20 at 2 x 10r cells/ml. From suspension, 1 drop from a Pasteur pipette was placed on solid minimal medium at 2,000 and 4,000 lux and acetate medium at 2,000 and 4,000 lux and in the dark. Growth was assessed with respect to both WT growth and growth in the dark after I week.
Biochemical Analysis. PSII activity (Hill reaction) ofchloroplast membrane fragments, prepared as described by Levine and Gorman (20) , was measured as the rate of reduction of DCPIP, as described previously (29) . All values were recorded as the percentage of the WT rate per unit Chl measured during the same experiment.
CO2 fixation was measured in whole cells as the rate of incorporation of 14C from NaH"4C03 into acid-precipitable material as described previously (29) . All values were recorded as the percentage of the WT rate.
Chl was measured spectrophotometrically from the clarified supernatant of an 80% acetone extract of whole cells (1) .
RubPCase protein was estimated from its peak height from a scan of the absorbance of a sucrose gradient of total soluble cell protein as previously described (29) . Values were recorded as the percentage of WT RubPCase per cell. Fluorescence Induction Kinetics. Fluorescence transients were measured on dark-adapted colonies grown on acetate medium plates. The apparatus used was a fluorescence microscope adapted as described by Bennoun (2) except that excitation was delivered by epi illumination. The patterns of fluorescence were used to describe a mutant as PSI-deficient, PSII-deficient, or neither (WT fluorescence), using criteria outlined by Bennoun and Chua (3).
RESULTS
Recovery of Mutants. Table I shows that mutants were recovered at a frequency of approximately 1/103 cells plated in the dark. These mutants consisted of three types: (a) pigment-deficient mutants, which were light-sensitive and acetate-requiring, (b) light-sensitive, acetate-requiring mutants, which had normal green pigmentation, and (c) non-light-sensitive, acetate-requiring mutants. Strains were described as light-sensitive if they grew better in the dark with acetate than in the light (4,000 lux) with acetate, when spot tests were scored after 1 week. All strains were indistinguishable from WT when the amount of growth in the dark was compared.
Pigment-deficient Mutants. These mutants are listed in Table  II . Unlike WT, they were not green in the dark, nor did they become green in the light like y-1. Althoughy-l-like mutants were observed in the present investigation, they were not categorized due to their capacity for photoautotrophic growth.
Two pigment-deficient mutants, 1 -3B and 1 1-7C, were obligate heterotrophs, unable to grow at the lowest light intensity tested (2,000 lux). They are similar to previously described pigmentdeficient obligate heterotrophs (25, 30, 34) . The other mutants survived on acetate medium at 2,000 lux but grew better in the dark on acetate than on acetate medium at 2,000 or 4,000 lux.
They did not grow, or they displayed leaky growth, on minimal medium. Therefore, most of the pigment-deficient mutants also required acetate. They seem to be different from other pigment- Table I sensitive (see ref. 29 and below). All of the uniparental mutants recovered in this investigation were light-sensitive (Table IV) , growing better in the dark on acetate than in the light (2,000 lux) on acetate. None survived on minimal medium, but all grew on acetate at 2,000 lux. Some could not be maintained at 4,000 lux.
The uniparental mutants all lacked the ability to fix CO2 but had normal levels of Chl. Fluorescence induction kinetics indicated that two mutants lacked PSI. Seven others had WT patterns of fluorescence. One of these, 10-6C, was found to lack RubPCase activity and possessed an altered isoelectric point for the large subunit of the enzyme. This is the first uniparental Calvin cycle mutant reported in Chlamydomonas and has been described in detail recently (29) . Seven mutants lacked Hill reaction activity. All of these, except 10-7C, had patterns of fluorescence indicating PSII deficiency. Strain 10-7C shows normal in vivo fluorescence induction kinetics. It is possible that some component of the PSII reaction can function relatively normally in vivo but does not survive cell fragmentation. Because of this discrepancy, it is difficult to classify the primary defect in this mutant. In five of these mutants, the amount of RubPCase protein was measured and found to be at WT levels. Some mendelian (6, 13) and uniparental (27) Tables  II and III) and many are uniparental (presumably chloroplast; see Table IV ). All of these mutants are photosensitive in varying degrees. In genetic studies of the mendelian mutants, the photosensitive characteristic was never observed to segregate from the mutant acetate-requiring phenotype. In the case of the uniparental mutants, the photosensitive property also showed uniparental inheritance. These results suggest that the acetate requirement and photosensitivity are both consequences of the same primary muPlant Physiol. Vol. 67, 1981 (8, 13, 15, 26) . Enrichment by one of these methods has seemed necessary because nonphotosynthetic mutants seemed rare, even following mutagenesis. Our results emphasize that the unenriched mutant frequency can be sufficiently high (>1/103 cells plated) that enrichment is not essential. The apparent rarity of nonphotosynthetic mutants may arise from their photosensitivity. All of the enrichment protocols which have been described require exposing the cells to high light levels to achieve the desired enrichment, and it is also common practice to expose the cells to light at other stages in the mutant-isolation process. Light exposure would presumably lead to general loss of nonphotosynthetic mutants as well as the specific loss of the most photosensitive types. Although these enrichment protocols may be useful for obtaining specific classes of mutants (see below), it is important to recognize that our mutant isolation without enrichment has allowed us to recover two types of mutants which have been rare or not previously reported. One is a mutant which lacks RubPCase activity (29) . The other type is uniparentally inherited mutants with specific PSII defects. PSII mutants constitute a large fraction of the uniparental mutants we obtained without enrichment (6 out of 15), whereas 1 out of 13 (5) and 0 out of 16 (27) (8- 36C, 10-4, 11-3D, 1 1-4D ) have normal levels of RubPCase (Table IV) (27) .
There may be some reason other than chance for our failure to recover cr-type mutants. Harris et al. (13, 14) and Shepherd et al. (27) (6) have shown that mutant cr-l has impaired heterotrophic growth. Harris et al. (13, 14) report that many of the mutants show some growth on minimal medium. We saved only those mutant colonies which had no growth on minimal medium. A very different possible explanation is that the biochemical properties of cr mutants observed by Harris et al. (13, 14) and Shepherd et aL (27) 
